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I.  INTRODUCTION 

There  is  an  ever  increasing  need  for  electronic  devices 
that  provide  high  power,  or  operate  at  extremely  high  fre¬ 
quency,  and  can  also  perform  reliably  in  adverse  operating 
environments.'  "  Adverse  operating  environments  of  inter¬ 
est  include  exposure  to  high  temperatures,  to  high  levels  of 
radiation,  to  corrosive  media,  or  to  some  combination  of 
these  conditions.  The  requirement  to  cool  existing  electronic 
devices  is  a  significant  engineering  problem  in  supersonic 
aircraft  and  space-based  vehicles.’  Other  applications  where 
the  demand  for  these  devices  exists  include  motor  vehicles, 
power  generation,  and  well  logging."* 

Table  I  provides  a  list  of  the  melting  or  dissociation  tem¬ 
peratures,  the  theoretical  intrinsic  limits,  and  the  band  gap 
energies  of  various  semiconductors.  Note  that  while  silicon 
and  gallium  arsenide  do  not  melt  until  1420  and  1238  "C, 
respectively,  the  corresponding  theoretical  intrinsic  limit  at 
which  the  material  ceases  to  function  as  a  semiconductor  is 
350  and  450  °C,  respectively.  Consequently,  the  silicon-  and 
gallium  arsenide-based  devices  require  auxiliary  cooling  for 
operating  temperatures  exceeding  350  and  450  'C,  respec¬ 
tively.  The  use  of  wide  band  gap  semiconductors  such  as 
diamond,  silicon  carbide,  and  boron  nitride  could  extend  the 
operating  temperature  of  devices  to  temperatures  in  excess 
of  1000  “C. 

Recent  advances  in  the  epitaxial  growth  of  silicon  car¬ 
bide,  diamond,  boron  nitride,  and  other  wide  band  gap  semi¬ 
conductors  offer  the  potential  for  developing  new  types  of 
device  structures  which  can  be  utilized  in  applications  where 
existing  devices  are  ineffective. These  semiconductors, 
in  addition  to  the  capability  of  operating  at  higher  tempera- 
tu»’es,  possess  other  unique  physical,  chemical,  optical,  and 
electronic  properties  that  would  be  useful  in  many  applica¬ 
tions.  For  example,  diamond  windows  were  used  for  the  in¬ 
frared  radiometers  on  the  Pioneer  spacecraft  which  operated 
within  the  hostile  atmosphere  of  Venus.” 

Semiconducting  diamond  is  a  promising  material  for 
high  frequency  and  for  high  power  device  applications  due  to 
its  high  carrier  saturation  velocity,  high  breakdown  voltage. 


rciativciy  low  dielectric  constant,  and  high  thermal  conduc 
tivity  Comparative  alues  of  the  Johnson’s  figure  of  merit  ' 
for  high  frequency  and  high  peswer  performance  and  the 
Keyes’  figure  of  merit"'  for  transistor  switching  spieed  for 
various  semiconductors  are  provided  by  Davis  er  a!  ‘  Dia¬ 
mond  is  shown  to  have  significant  advantage  over  other 
semiconductors  based  on  both  the  Johnson  and  the  Keyes’ 
figures  of  merit.'  The  unique  physical,  electronic,  and  opti¬ 
cal  properties  of  the  wide  band  gap  semiconductor.s  also  pro¬ 
vide  promise  for  new  classes  of  high  voltage  optwlcctronic 
switching  devices."  ’’ 

An  important  requirement  for  any  emerging  device 
technology  is  the  development  of  suitable  electrical  contacts 
The  challenge  is  to  produce  electrical  contacts  which  are 
compatible  with  the  unique  physical  and  chemical  proper¬ 
ties  of  diamond  and  are  also  capable  of  sustained  operation 
in  the  severe  operating  conditions  in  which  the  devices  arc 
intended  to  operate.  This  paper  will  discuss  techniques  for 
the  production  of  ohmic  electrical  contacts  to  semiconduct¬ 
ing  diamond  which  are  compatible,  as  far  as  possible,  with 
present  microelectronics  production  methods  and  yet  pro¬ 
vide  the  desired  performance  characteristics. 


TABUE  I  Selected  propcrlicii  of  semiconductors 


Band  gap 
energy 

Semiconductors  (eV) 

Theoretical 

intrinsic 

limit  f'C) 

Melt  temp 

CC) 

Ge 

0.71 

100 

937 

S) 

1.12 

300-350 

1420 

GaAs 

1.43 

450 

1238 

GaP 

2  24 

800 

1470 

AlGaAs 

143-2  15 

375-475 

AlGaP 

2  24-2  45 

550 

SiC 

2  3-29 

8a>- 1200 

R 

Diamond 

5  5 

1100 

h 

BN 

7  5 

30(X) 

*  Sublimes  above  1 800  "C 
’'Tran.sform.s  to  graphite  above  I2(X)  ’f' 
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II.  BACKGROUND 

It  is  rarely  p<>ssiblc  to  acliiexe  u  iil>  ohniu  n'Illae^^  w  ith 
any  sciniconrlucting  ilcviee  I  he  eoniacls  aic  genet  ally  re 
gardcd  as  salisfaetory  iff  he  potential  drop  aeross  the  eoniaet 
is  small  compared  to  that  acrose  the  .letive  portion  of  the 
device.  Consequently,  ohmic  coniaeie  are  ol'ieii  loimerl  by 
doping  the  semiconductor  very  heavily  in  the  vtcmiiy  of  the 
metal  contact  iti  order  to  reduce  the  width  ot  the  potential 
barrier  at  the  metal/semiconductor  interface  Although  the 
barrier  height  is  not  affected  appreciably  by  doping,  the  re¬ 
duction  in  the  barrier  width  results  in  an  increased  tunneling 
probability  for  electrons  through  the  potential  barrier  An¬ 
other  approach  to  obtaining  ohmic  contacts  to  semiconduc¬ 
tors  is  to  reduce  the  barrier  height  by  appropriate  matching 
of  the  metal  work  function  to  the  band  structure  of  the  semi¬ 
conductor.  A  third  approach  depends  on  recombination  in 
the  depletion  region  of  surface  defects  induced  by  intention¬ 
ally  damaging  the  surface  of  the  semiconductor.  A  detailed 
discussion  of  these  methods  and  a  summary  of  the  diverse 
techniques  utilized  to  produce  ohmic  contacts  to  semicon¬ 
ductors  are  noted  elsewhere. '' 

Low  resistance  ohmic  contacts  to  wide  band  gap  semi¬ 
conducting  materials  are  expected  to  be  difficult  to  form  be¬ 
cause  of  the  large  barrier  height  which  results  when  a  metal 
is  deposited  on  the  surface  of  the  semiconductor.  For  exam¬ 
ple,  evaporated  gold  films  on  boron  doped  semiconducting 
diamond  were  shown  to  provide  a  barrier  height  of  1 .73  e  V. 
The  situation  is  further  complicated  by  the  fact  that  dia¬ 
mond  is  a  covalently  bonded  semiconductor  with  a  high  den¬ 
sity  of  surface  states  leading  to  a  barrier  height  essentially 
independent  of  the  metal  work  function.'*  '*  Further,  it  is 
difficult  to  produce  a  heavily  doped  surface  layer  in  dia¬ 
mond.  Nonetheless,  ohmic  contacts  to  semiconducting  dia¬ 
mond  have  been  produced  by  several  distinctly  different 
methods,  as  discussed  below. 

Previous  attempts  to  develop  ohmic  contacts  to  natural 
and  to  synthetic  diamond  have  been  made  in  conjunction 
with  measurements  of  the  electrical  transport,  photocon¬ 
ductivity,  and  other  physical  properties  of  these  materials. 
Ohmic  contacts  to  natural  and  synthetic  diamond  have  also 
been  produced  for  prototype  nuclear  radiation  detectors, 
high  temperature  thermistor  elements,  and  light  sensitive 
switches. 

Metal  contacts  applied  to  smooth  semiconducting  dia¬ 
mond  surfaces  have  exhibited  an  immeasurably  large  electri¬ 
cal  impedance,  due  to  the  large  potential  barrier  at  the  dia¬ 
mond/metal  interface.  When  metal  is  placed  in  contact  with 
a  mechanically  damaged  area  such  as  a  crack,  a  corner,  or  an 
area  which  was  deliberately  roughened,  reasonably  good 
electrical  conductivity  has  been  obtained.  Successful  electri¬ 
cal  transport'^  '* and  infrared  photoconductivity'*’  measure¬ 
ments  were  made  using  colloidal  graphite"  '’  or  silver  paint 
contacts’-'’’®  on  roughened  surfaces,  or  point  contacts  on 
the  edge  of  a  polished  block. The  silver  paint  and  colloidal 
graphite  contacts  are  mechanically  fragile  and  electrically 
noisy.  The  rough  surface  features  and  the  large  concentra¬ 
tions  of  surface  defects  of  early  synthetic  semiconducting 
diamonds  allowed  electrical  transoort  measurements  to  be 
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Rogers  and  Kaal''  first  used  the  approach  suggesu  ..i  tn 
Seal  ''  to  form  thermistor  elements  from  iiauir.d  semi,  in 
ducting  diamond  with  a  silver  vopfx-r  titanium  .illov  i  (■  '*  , 
Ag.  25fl  C'u,  \2't  1 1 ) .  f 'ollms  e,' "  uscil  gold  t.inl.dum 
(400/  ,.^^1  I  r;  -j j  gold  I. iiitalum  aluminum  ;  ; 

■Au.  dc;  la.  If'  .A!)  alloys  usirig  election  bc.irn  welding  to 
form  edeetrieal  conlaefs  to  natural  insulating  and  semieon 
ducting  diamond  surfaces  I'he  use  of  these  c-beam  welded 
contacts  for  ultraviolet  photoeonduetivity  measurements  ol 
bt)th  insulating  and  scmieondueling  diamond  ’  resulied 
in  an  increase  in  signal  to  noise  ralioof  more  ihan  a  faeior  ol 
10  over  that  obtained  with  silver  paint  contaeis.  None  of 
these  early  investigations  attempted  to  characten/e  the  sur¬ 
face  reactions  which  pnxluccd  the  ohmic  behavior  In  addi¬ 
tion,  no  attempt  was  made  to  make  comparative  studies  of 
these  alloys. 

Another  method  of  prrxjucing  ohmic  contacts  to  dia¬ 
mond  relics  on  the  impingement  of  energetic  ions  into  llie 
diamond  surface,  c.g.,  sputtering,  ion  implantation,  etc 
Sputtered  contacts  of  Ti/Pt/Au  to  natural  diamond  (type’ 
Ila)  have  been  u,scd  as  ohmic  contacts  m  a  study  of  high 
voltage  optoelectronic  switches."  In  another  study,''  hard 
conducting  diamond  layers  were  produced  by  carbon  im¬ 
plantation  above  a  threshold  dose  of  -  3  X  10"'  cm  '.  More 
recently,  it  has  been  reported"  that  a  graded  structure  of 
silicon/silicon  carbide/diamond  has  been  produced  by  "ion 
mixing"  to  reduce  the  barrier  height  and  obtain  ohmic  con¬ 
tacts  to  diamond.  In  another  study,"  boron  ions  were  im¬ 
planted  (35  keV,  3  x  10''’cm  ’)  into  naturally  boron-doped 
semiconducting  diamond  (type  11b)  and  fairly  low  resis¬ 
tance  contacts  could  be  obtained  by  just  pre-ssing  metal 
probes  against  the  contact  areas. 

Another  method  of  applying  electrical  contacts  to  dia¬ 
mond  is  to  heat  the  diamond  sample  in  an  inert  atmosphere 
to  a  temperature  of  1500  'C.  This  treatment  prsxiuces  a  layer 
of  graphite  on  all  exposed  diamond  surfaces.  Affixing  a  w  ire 
to  the  graphite  layer  on  the  diamond  was  shown  to  produce- 
ohmic  contacts  to  diamond."  This  approach  has  also  been 
utilized  as  a  method  of  applying  large  area  metal  contacts  to 
both  natural  and  synthetic  semiconducting  diamond.  “  The 
graphite  layers  can  be  selectively  removed,  without  damage 
to  the  metal  contacts,  by  boiling  the  diamond  in  a  mixture  of 
perchloric,  sulfuric,  and  nitric  acids.  The  production  of  a 
graphite  surface  layer  by  a  laser  beam  has  been  proposed  by 
Burgemeister.'*  More  recently,  an  ArF  laser  was  used  to 
modify  the  surface  of  tyqrcs  Ila  and  Ilb  diamonds  to  a  depth 
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or40-f>{)  ntn.'  I'llclaNcr  oiodilii-'il  la\ol^  wiii-  ^tabk  ohmii. 
contacts  to  type  Ilb  diamond  up  to  1  S(X) 

Many  of  the  methods  (.lescnbed  above  are  inadequate 
for  pnKlucing  durable  ohmic  conlacls  for  dianurnd  devices 
for  the  following  reasons 

(a)  Dimensional  inicgriiy  for  meialli/ation  of  contacts 
to  diamond  using  a  liquid  phase  process,  such  as  electron- 
beam  welding,  isdifticult  to  achiev  e 

(b)  The  liquid  phase  reaction  process  can  not  be  accu¬ 
rately  controlled  to  achieve  reproducible  results  and  to  mini¬ 
mize  contact  resistance. 

(c)  The  effect  on  the  electrical  properties  of  the  contacts 
by  formation  of  defects,  or  by  formation  of  sp'  (graphitic) 
bonds  produced  by  techniques  such  as  sputtering,  ion  im¬ 
plantation,  or  laser  annealing,  etc.  has  not  been  fully  deter¬ 
mined. 

(d)  Graphite  layers  produced  by  some  forms  of  particle 
bombardment  or  thermal  reactions  are  easily  removed  by 
various  chemical  treatments.  Consequently,  the  long-term 
reliability  of  contacts  produced  by  these  techniques  are  ques¬ 
tionable. 

(e)  It  is  difficult  to  produce  durable  wire  bonds  to  the 
graphite  layer.  Therefore,  the  formation  of  mechanically  sta¬ 
ble  contacts  to  graphitized  diamond  surfaces  is  impractical. 


III.  OHMIC  CONTACTS  USING  A  THERMALLY 
ACTIVATED  SOLID  STATE  REACTION 

The  overall  goal  of  this  research  is  to  develop  proce¬ 
dures  for  fabrication  of  strongly  adherent  low-resistance  oh¬ 
mic  contacts  to  diamond  for  microelectronics  device  appli¬ 
cations.  For  the  reasons  cited  above,  the  scope  of  this  study, 
at  the  outset,  was  limited  to  electrical  contacts  produced  by 
vapor  deposition  of  metals  which  form  stable  carbides. 

In  an  earlier  communication,’"  u  was  demonstrated  that 
evaporated  and  annealed  films  of  Ta/Au  and  of  Ti/Au  pro¬ 
duced  ohmic  electrical  contacts  to  natural  semiconducting 
diamond  ({C)).  The  Ta/Au  films  deposited  on  (C)  were 
annealed  for  1  h  at  885  °C.  The  Ti/Au  films  deposited  on 
<C)  were  annealed  for  1  h  at  775  'C  to  prevent  the  allotropic 
transformation,  at  880  "C,  of  alpha-titanium  to  beta-titan¬ 
ium.  The  Ta/Au  and  Ti/Au  contacts  to  {C)  were  annealed 
in  a  quartz  tube  furnace  in  an  atmosphere  of  flowing  purified 
hydrogen  gas.  No  significant  change  in  the  electrical  re¬ 
sponse  of  the  <C)/Ta/Au  or  the  {C)/Ti/Au  samples  were 
observed  when  reannealed  for  an  additional  hour  under  the 
annealing  conditions  that  were  used  initially.  It  was  conclud¬ 
ed  that  the  reaction  products  had  stabilized  during  the  initial 
hour  of  annealing.  In  a  recent  paper,^  ohmic  contacts  to  epi¬ 
taxial  semiconducting  diamond  films  were  produced  by  elec¬ 
tron  beam  evaporation  of  titanium  onto  a  boron  doped  dia¬ 
mond  epitaxial  film  held  at  a  temperature  of  400  ”C. 
However,  at  this  substrate  temperature  evaporated  films  of 
tungsten,  molybdenum,  and  gold  each  formed  a  rectifying 
contact  to  boron-doped  epitaxial  diamond  films. 

None  of  the  studies  cited  above  investigated  the  dia¬ 
mond/metal  interface  or  the  role  of  the  reaction  at  the  inter¬ 
face  on  the  electrical  properties  of  the  contacts.  This  paper 
will  examine  and  characterize  the  thermally  activated  solid 
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iiiolv  bdeiuini  'gukl,  and  molv  bdeiMini.-  niekel  'gnid  depussi 
eil  on  natural  horoii  doped  senneondueling  iliaiiioiui.  vv  ill  .di 
prov  ide  ohmic  coin  acts  after  aiineafing  ihe  de[Hisiieii  (ilms  ai 
‘>50  "C  It  IS  further  shown  that  (here  is  an  opinnat  .inne.iling 
time  at  this  tenipermure  which  produces  a  iiiiniruuin  eoniai,  i 
resistance  This  optima!  anitcaling  time  is  sluiwn  lo  tx:  assu 
ciated  with  the  random  nucleaiion  and  growth  of  carbide 
precipitates  at  the  original  diamond/mefal  interface  T'iie 
relative  adherence  of  the  metals  examined  in  this  suuly  will 
also  be  discussed. 


IV.  ADAPTATION  OF  PHOTOLITHOGRAPHIC 
TECHNIQUES  FOR  DIAMOND  SUBSTRATES 

Comparative  measurements  of  the  electrical  resistance 
of  the  contacts  were  made  using  a  series  of  rectangular  pads 
120,x  300 /rm,  each  separated  from  the  adjacent  pad  by  sys¬ 
tematically  increasing  distances  of  5,  10,  20.  .30.  and  50 /mi, 
as  shown  in  Fig.  1. 

The  initial  results  using  standard  photolithographic 
techniques  were  found  to  be  unsatisfactory  for  two  principal 
rea.sons.  First,  the  freshly  deposited  metal  film  did  not  ad¬ 
here  to  the  diamond  surface  and  would  be  dislodged  during 
the  photoresist  lift-off  step.  Second,  the  photoresist  would 
deteriorate  during  the  deposition  of  the  metal  film  because  of 
the  excessive  heat  generated  by  the  relatively  high  vaporiza¬ 
tion  temperatures  of  the  refractory  metals  utilized. 

The  approach  that  was  utilized  incorporated  a  silicon 
nitride  film  0.15-0.2  pm  thick  grown  on  the  cleaned  dia¬ 
mond  surface.  Photoresist  was  spun  onto  the  silicon  nitride 
film,  exposed  through  a  photolithographic  mask  and  devel¬ 
oped  to  reveal  the  rectangles  described  above.  The  silicon 
nitride  film  below  the  rectangles  is  chemically  etched  off, 
thereby  exposing  the  diamond  surface  for  selective  metalli- 


i  835  pm 


FIG.  I  Photograph  ofihe  Shockley  photolithographic  mask  with  rcctangu 
lar  pads  IZOV  ,100  /itn  with  spacings  of  5.  10.  20,  ,10,  and  SO  /rm  in  each 
series 
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FIG.  2.  Schematic  of  the  processing  sequence  for  metallizing  diamond  sam¬ 
ples. 


zation.  A  schematic  diagram  of  the  processing  sequence  is 
illustrated  in  Fig.  2. 

The  samples  were  next  placed  in  an  ion-pumped  ultra- 
high  vacuum  system  that  contains  an  electron  beam  heated 
source  as  well  as  a  resistively  heated  source.  The  electron 
beam  evaporation  source  was  utilized  for  the  refractory  met¬ 
als,  while  the  resistively  heated  source  is  used  for  metallic 
components  that  vaporize  effectively  at  temperatures  below 
2000  *C.  With  this  system,  it  is  possible  to  vaporize  combina¬ 
tions  of  metals  sequentially  or  simultaneously.  Both  abrupt 
and  graded  interfaces  between  two  layer  and  three  layer  met¬ 
al  contacts  have  been  produced  in  this  system. 

Following  the  deposition,  the  photoresist  was  chemical¬ 
ly  removed  which  also  removes  the  metal  from  all  but  the 
rectangular  pads.  The  configuration  of  the  sample  at  this 
point  consists  of  metallized  rectangular  pads  on  the  surface 
of  the  diamond  substrate  separated  by  silicon  nitride  covered 
regions  between  the  metallized  pads.  At  this  juncture,  the 
sample  was  annealed. 

The  annealing  step  is  an  essential  part  of  the  process  to 
produce  ohmic  contacts  that  will  adhere  to  the  diamond. 
Subsequent  to  annealing,  the  silicon  nitride  layer  is  removed 
by  hydrofluoric  acid.  The  sample  now  consists  of  metallized 
and  annealed  rectangular  mesas  separated  from  one  another 
on  the  bare  diamond  surface. 


IKi  .'  of  v.tjlfc*fit  \s  VMflUjk'r  Ik.if  js  vatsip?!-'  Ihr 
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V.  ELECTRICAL  MEASUREMENTS 

The  diamond  samples  that  were  used  in  this  siudy  were 
naturally  occurring  semiconducting  grade  (type  lib)  which 
arc  p  type  due  to  the  presence  of  boron  at  concentrations  in 
themid  lO'^cm  ’and  earner  concentrations  in  the  mid  10“ 
cm  as  determined  by  secondary  ion  mass  spectroscopy 
(SIMS)  and  Hail  measurements,  respectively  Electrical 
measurements  were  made  using  a  curve  tracer.  A  voltage 
was  applied  to  each  set  of  adjacent  rectangular  metallized 
pads  and  the  /-F  response  was  recorded.  The  electrical  re¬ 
sponse  of  the  as-received  samples  at  applied  potentials  less 
than  1(X)  V  is  shown  in  Fig.  3.  A  photograph  of  the  metal¬ 
lized  pads  after  metal  deposition  and  prior  to  annealing  is 
shown  in  Fig.  4.  The  electrical  response  of  the  samples  after 
deposition  but  prior  to  annealing  exhibited  rectifying  behav¬ 
ior  of  the  same  order  of  magnitude  (a  current  of  less  tha'’  ’ 
pA  at  an  applied  potential  of  10  V)  as  the  as-received  sam¬ 
ples,  illustrated  in  Fig.  5.  Following  the  annealing  step,  a 
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FIG  4,  Photograph  of  mclal  deposits  In  rectangular  pads  prior  lo  anneal¬ 
ing. 
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FIG.  5.  Plot  of  current  vs  voltage  for  a.s-tleposited  metal  contacts  prior  to 
annealing.  The  applied  potential  was  ramped  (saw  to»'th )  t  10  dc. 


current  of  1  mA  is  produced  at  an  applied  potential  of  2.5  V. 
As  shown  in  Fig.  6,  the  response  is  clearly  ohmic.  These 
results  are  equivalent  to  those  obtained  with  Ta/Au  and 
with  Ti/Au  contacts  to  diamond.'’*  Nickel  films  15-25  nm 
thick  deposited  over  molybdenum  films  10-15  nm  thick, 
after  t  nnealing  at  950  °C,  produced  a  tenaciously  adherent 
ohmic  contact.  In  fact,  the  annealed  films  could  not  be  com¬ 
pletely  removed  even  by  immersing  the  samples  in  a  highly 
corrosive  hot  solution  of  chromic  oxide  in  sulfuric  acid. 
Usually,  a  gold  film  150-500  nm  thick  was  deposited  over 
the  reactive  metal,  i.e..  Mo,  Ta,  Ti,  etc.,  to  prevent  deteriora¬ 
tion  of  the  reactive  metal  film  and  to  facilitate  wire  bonding 
to  the  contacts. 

The  effect  of  annealing  time  at  950  "C  on  the  room  tem¬ 
perature  resistance  of  molybdenum  films  (~  10-25  nm 
thick)  contacted  to  diamond  is  shown  in  Fig.  7.  It  is  quite 
clear  that  the  contact  resistance  decreases  continuously  with 
increasing  annealing  time  to  ~8  min  at  this  temperature. 


FIG,  6.  Plot  of  current  vs  voltage  for  metallized  contacts  after  annealing. 


FIG  7.  KcHini  lom(>cialurc  rcsivi.itiii'  iiv  .i  luiKiiori  i>l  jtuir.sliiij.'  iiiik'  ,i! 
VSO't,'  f<(r  (O/.Mo  ciinlacis  sarioDV  p.ii,i  spaiiiigv 


Annealing  beyond  8  min,  however,  results  in  a  slight  in¬ 
crease  in  the  contact  resistance 

Similar  results  were  obtained  for  annealed  samples  of 
<C}/Mo/Ni/Au  with  deposited  film  thicknesses  of  10  -25 
nm  molybdenum,  15-50  nm  nickel,  150-500  nm  gold,  as 
seen  in  Fig.  8.  However,  annealing  of  <C)/Mc,^Ni/ Au  sam¬ 
ples  at  950  °C  resulted  in  liquation  of  a  Ni-Au  alloy  and 
partial  segregation  of  the  alloy  into  droplets  without  the  loss 
of  the  dimensional  integrity  of  the  contacts  laterally. 


FIG.  8,  R(K)m  temperature  resistance  as  a  funclion  of  annealing  time  al 
C  for  <C>/Mo/Ni/Au  coniacis  for  various  pad  spacings 
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FIG.  9.  SEM  micrograph  of  a  diamond  sample  that  had  hten  melalli/ed 
with  molybdenum,  annealed  at  950  *C  for  8  min  and  etched  Random 
"patches”  of  carbide  precipitates  remain  at  the  original  diaiiiond/rneial  in¬ 
terface. 


VI.  PROPERTIES  OF  THE  DIAMOND/METAL 
INTERFACE 

The  removal  of  the  metal  films  prior  to  annealing  is  easi¬ 
ly  accomplished.  However,  attempts  to  remove  the  metal 
films  after  annealing  have  been  only  partially  successful, 
even  after  numerous  cycles  of  prolonged  immersion  in  hot 
solutions  of  chromic  acid.  As  can  be  seen  in  Figs  9  and  10, 
remnants  of  the  reaction  product  of  the  refractory  carbide 
forming  metal  with  the  diamond  substrate  persist  even  after 
several  attempts  to  remove  the  deposit  by  etching. 

Scanning  electron  microscopy  (SEM)  and  metallogra- 
phic  studies  of  the  annealed  samples  as  a  function  of  anneal¬ 
ing  time  clearly  substantiated  that  carbide  precipitation  pro- 
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FIG.  10.  SEM  micrograph  of  a  diamond  sample  that  had  been  metallized 
with  molybdenum,  annealed  at  950  ‘C  for  16  min  and  etched  A  monolithic 
polycrystalline  carbide  phase  remains  at  the  interface 
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.Auger  eleelron  speeirnseop)  I.AI  Sj  dejith  poitilmt.'  o! 
the  annealed  samples  clearly  dermmsti.ited  that  the  c.irhon 
Kl.l.  Auger  transitnni  at  the  nielai  diaiiumd  iitierhice  had 
the  characlensties  associated  with  carbnn  in  a  comhiiied 
state  and  tiot  (hat  which  is  associated  with  adsorbed  carbon 
or  with  diamond.''  1  he  Al’.S  spectrum  obtained  at  the 
vacuum/metai  interface  and  that  which  was  obtained  attcr- 
depth  profiling  toward  the  original  meial/diamund  iitierface 
is  shown  in  Fig.  1 1.  .\-ray  dilfraction  studies,  using  copfxr 
Ka  radiation,  of  the  annealed  (C)/Mo  and  of  (O/Mo/Au 
samples,  with  the  gold  film  removed  after  annealing,  pro 
duced  a  peak  at  26  37.8’  and  a  much  weaker  peak  at 

26  -  79.6°.  These  diffraction  peaks  are  due  to  i  1 1 1 }  and 
{222}  planes  of  Mo,C,  respectively.  The  absence  of  other 
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FIG.  1 1-  Auger  spcclra  of  (a)  the  v,icimm/nu>lvbiii'mini  inicrf.icc  anti  of 
(h!  the  molytxli-num/iliamonii  miiifacc  Noli-  ihc  loiisulctabk’  change  ui 
the  carbon  spectra  ( 260  275  eV  region  I  assix  lateil  with  the  iwo  interfaces 
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FIG.  12,  SEM  micrograph  ofgold  wire  bonded  to  a  sample  of  <C>/Mo/Au 


MOjC  diffraction  peaks  (originating  from  {2(X)},  {220}, 
and  {311}  planes)  is  likely  due  to  a  high  degree  of  preferred 
orientation  of  the  carbide  phase  in  relation  to  the  single  crys¬ 
talline  diamond  substrate.  However,  due  to  the  extreme 
thinness  of  the  carbide  films,  it  is  imprudent  to  completely 
rule  out  the  possibility  that  the  most  intense  peak  may  origi¬ 
nate  from  the  transition  carbide  phase  Mo^  s*  • 

VII.  ADHERENCE  OF  METAL  CONTACTS  TO  DIAMOND 

The  adherence  of  the  metal  contacts  to  diamond  de¬ 
pends  on  the  contact  metal  and  the  annealing  conditions  that 
were  utilized.  The  best  results,  to  date,  were  obtained  with 
{C>/Mo/Au  and  <C)/Mo/Ni/Au  samples  annealed  in  a 
flowing  purified  hydrogen  atmosphere  at  950  ”C  for  6-8  min. 
The  adherence  of  the  metal  contacts  to  diamond  in  these 
samples  were  sufficient  to  allow  ball  and  wedge  bonds  to  be 
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Although  llte  adherence  ofthe  annealed  laiilalum  riliiis 
to  diamond  was  acceptable,  the  gold  him  deposits  over  ilie 
tantalum  films  had  a  tendency  to  delaminate  dimng  the  lift 
off  of  the  photoresist,  as  shown  in  1  ig  14  fhe  adherence  of 
litanium/gold  films  to  diamond  after  1  h  anneal  at  775  C 
was  inferior  to  Mo,  Mo/Au,  and  Mo/.Ni/,Au  Attempts  to 
consistently  produce  adherent  metal  contacts  to  diamond 
using  nickel  were  unsuccessful,  as  seen  in  Fig  15  In  a  few 
instances  where  the  nickel  films  adhered  sufficiently  to  the 
semiconducting  diamond  substrate  to  enable  /-!' measure¬ 
ments,  the  contacts  displayed  ohmic  response.  The  resis¬ 
tance  measurements  of  a  (C)/Ni/Au  sample,  annealed  at 
900 ‘C  for  1  h.  were  760,  800,  1200,  1300,  and  2000  U 
between  adjacent  contact  pads  separated  by  5, 1 0,  20. 30,  and 
50  iinxy  respectively.  Although,  there  is  uncertainly  regard¬ 
ing  the  thermodynamic  stability  of  Nij  C  below  60  kbars,*' 
there  can  be  no  disagreement  regarding  the  superior  stability 
of  molybdenum  carbide,  tantalum  carbide,  or  titanium  car¬ 
bide  relative  to  nickel  carbide.*^'”  Therefore,  the  relatively 
poor  adherence  of  nickel  to  diamond  compared  to  the  adher¬ 
ence  of  molybdenum  to  diamond,  etc.  is  not  totally  unex¬ 
pected. 


!-• -  1  mm  - ^ 

FIG.  13.  Photograph  of  an  annealed  <C>/Mo/Au  sample  depicting  rela¬ 
tively  good  adherence  of  (a)  Mo  to  <C),  (b)  Au  lo  Mo  to  <C>,  and  (c) 
relatively  poor  adherence  of  Au  to  (C). 
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FIG.  14.  Micrograph  of  a  (C>/la/Au  sample  illustrating  dcKirninatiivn  ihc 
gold  film  from  the  tantalum  film  during  photnrcsisi  lift-off 
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(b) 

FIG.  15.  Photograph  of  a  <C)/Ni  sample;  (a)  prior  to  annealing  and  (b) 
subsequent  to  annealing,  illustrating  lack  of  adherence  of  Ni  to  (C> . 


VIII.  CONCLUSIONS 

Techniques  have  been  developed  to  produce  ohmic  con¬ 
tacts  to  naturally  occurring  boron  doped  {p  type)  semicon¬ 
ducting  diamond  with  very  low  carrier  concentrations.  The 
approach  that  was  adopted  is  compatible  with  manufactur¬ 
ing  practices  that  are  used  in  the  production  of  other  micro¬ 
electronic  devices. 

It  was  shown  that  electron-beam  deposition  of  thin  films 
of  Mo,  Mo/Au,  and  Mo/Ni/Au  on  naturally  boron-doped 
semiconducting  diamond  produced  ohmic  contacts  subse¬ 
quent  to  annealing  at  950  °C.  A  thermally  activated  solid 
state  chemical  reaction  was  shown  to  occur  at  the  diamond/ 
refractory  metal  interface.  The  products  of  the  chemical  re¬ 
action  are  difficult  to  remove  by  chemical  etching.  The  an¬ 
nealed  contacts  provide  a  dramatic  change  in  current  flow 
(typically  a  factor  of  10'”  in  lightly  doped  semiconducting 
diamond). 
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mg  tunc  al  950  T,'  uhich  priHiuccs  a  iniimnuin  ni  ihc  elect  1 1- 
cal  resistance  of  the  contacts  fhc  aiiiiealing  rcgiitic  was 
shown  to  lx*  responsilrlc  for  raiidoin  tuicleatmn  atul  inowth 
of  molybdenum  carbide  piecipiialcs  lurtlici .  n  was  shown 
that  theeleetrical  conductance  of  the  contacts  was  a  junction 
of  the  areal  dcnsily  of  the  procipiiales  at  the  original  dia- 
inond/melal  interface  Also,  it  was  show  n  that  the  eketneal 
resistance  of  the  contacts  began  to  increase  as  tiic  carbide 
phase  completely  covered  the  original  diamond/inelal  inter 
face. 

The  results  that  were  obtained  fiir  Mo,  Mo/Au,  and 
Mo/Ni/Au  contacts  to  diamond  were  essentially  the  same, 
with  the  inference  that  the  <C)-Mo  reaction  al  the  interface 
is  the  principal  factor  in  determining  the  properties  of  the 
contacts. 
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